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In  troduc tlon 

We  have  undertaken  an  investigation  of  new  methods  to 
produce  efficient  sources  of  coherent  near  ailiineter  wave  (NMMW) 
radiation.  A  new  concept,  "photon  recyling",  was  proposed  as  a 
possible  means  of  achieving  this  goal.  The  photon  recycler  is 
basically  a  heat  engind  in  which  heat  and  infrared  energy  are 
absorbed  in  a  hot  region  and  NMMW  power  is  enitted  in  a  cold 
region,  accompanied  by  expelled  heat  and  the  original  Infrared 
energy.  The  infrared  photons  play  the  role  of  a  catalyst  for  the 
conversion  of  heat  into  NMMW  power.  In  order  to  achieve  cooling, 
a  flowing  system  is  employed  in  which  molecules  pass  from  a  hot 
region  through  a  nozzle  and  cool  by. adiabatic  expansion. 

Our  approach  to  this  problem  has  been  two  fold:  (I)  to 
obtain  a  detailed  theoretical  analysis  of  the  gas  dynamic  photon 
recycling;  and  (II)  to  study  experimentally  the  energy  storage 
and  flow  in  some  candidate  molecules. 

Achieving  photon  recycling  in  practice  has  proven  to  be  a 
difficult  task.  In  order  to  clarify  the  situation,  we  have 
developed  a  simple  and  general  analysis  of  gas  dynamic  photon 
recyclers  which  elucidates  a  number  of  important  features  and 
extends  the  results  of  our  original  proposal.  This  analysis  (see 
Sec.  I  below)  determines  the  requirements  for  optimum  NMMW 
output.  The  primary  difficulties  arise  from  small  partition 
fractions  and  low  temperatures.  The  new  analysis  shows  that  this 
results  in  constraints  on  the  nozzle  in  order  to  achieve  infrared 
saturation  in  the  cold  region,  and  leads  to  an  unwieldy  geometry 
in  which  the  nozzle  must  be  very  wide  and  thin,  a  rather 
impractical  configuration. 

In  addition  to  carefully  analyzing  the  photon  recycling 
concept,  a  number  of  experiments  (see  Sec.  II)  have  been 
undertaken  to  study  the  associated  problem  of  infrared  energy 
storage  and  collisional  transfer  in  molecules,  which  is  important 
for  developing  practical  photon  recycler  systems.  This  has  led 
to  the  development  of  a  general  time  resolved  IR-IR  double 
resonance  spectrometer  which  has  been  applied  to  study 
depolarizing  and  J  transfer  rates  as  well  as  K  exchange  rates. 
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Most  recently,  a  new  time  re  so  1 ved - ve loe i ty  resolved  grating 
technique  has  been  developed  with  this  system,  which  we  believe 
will  make  it  possible  for  the  first  time  to  obtain  directly  the 
velocity  changing  collision  kernels  for  J-preserving  and  J 
transfer  collisions.  The  technique  permits  kernels  to  be 
determined  from  the  data  without  assumption  about  the  kernel 
shape,  and  permits  resolution  of  both  classical  and  diffractive 
velocity  changes.  These  important  spin-offs  will  provide 
powerful  new  means  for  studying  molecular  scattering  and  energy 
transfer  processes. 

I.  Analysis  of  Photon  Rmcycllng 

The  purpose  of  this  section  is  to  elucidate  in  a  general 
way  the  conditions  for  obtaining  maximum  NMMW  output  for  a  given 
infrared  (IR)  amplifier,  based  on  the  IR  photon  recycling 
concept.  This  new  analysis,  based  on  the  theoretical  results 
presented  in  our  proposal  ("Exploration  of  New  Methods  to  Produce 
Efficient  Sources  of  Coherent  Near  Millimeter  Have  Radiation", 
Aug.  1982)  provides  a  general  picture  of  photon  recycling  and 
clarifies  a  number  of  subtle  features  which  initially  were 
unapprecia  ted . 

Figure  1  is  a  schematic  of  a  photon  recycling  system.  It 
consists  of  an  infrared  amplifier  A,  a  lumped  infrared  total  loss 
L  (due  to  all  optics  including  photon  recycler  optics)  and  an 
ideal  photon  recycler  (PR). 


Pig.  1.  Photon  taeyeiing  System 
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The  reeycler  absorbs  infrared  power,  4  P^,  in  the  hot  region  and 
re-enits  infrared  power,  4P-»  in  the  cold  region.  Assuming  that 
gas  dynamic  expansion  is  used  to  achieve  cooling,  NMMW  power  is 
extracted  at  the  cold  low  pressure  side,  so  that  rotational 
equilibration  does  not  quench  the  NMMW  population  inversion.  For 
this  scheme,  the  energy  level  diagram  is  shown  in  Figure  2. 
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Fig.  2.  Energy  Level  Diagram 

The  recycler  works  by  absorbing  IR  photons,  of  frequency./?  ,  in 
the  hot  region  on  the  2  — >  3  transition  and  then  achieves  a 
population  inversion  on  the  3  2  transition  by  cooling.  This 

requires  that  the  upper  level  vibrational  lifetime  1/f*  be  longer 
than  the  molecule  transit  time  through  the  whole  system,  and  that 

U  Q 

the  rotational  energy  E  _  be  lower  than  E*  .  In  the  cold 

ro  t  rot 

region,  infrared  photons  stimulate  emission  on  the  3  — *  2 
transition,  creating  an  inversion  on  the  2  1  transition  and 

hence  NMMW  gain  at  frequency^. 
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A.  Optlalzing  Aapllfltr  Efficiency 

Optiaizing  NMMU  output  requires  that  the  anpiifier  be 
utilized  at  aaxiaua  efficiency.  In  general)  this  depends  on  two 
types  of  Losses  in  the  cavity.  The  first  is  the  luaped  loss  L, 
which  results  in  loss  proportional  to  the  cavity  intensity.  The 
second  is  the  photon  recycler  net  absorption  loss,  4?a  -  JP  ,  due 
to  loss  of  stored  infrared  energy.  An  iaportant  and  subtle  point 
is  that  this  second  loss  saturates  at  high  cavity  intensity  and 
therefore  cannot  liait  the  cavity  intensity.  To  optiaize  NMMU 
output,  the  aaxiaua  power,  Pq,  available  froa  the  given 
aaplif ier-loss  (L)  coabination  (peak  of  dashed  curve  of  Fig.  3), 
aust  be  expended  in  the  photon  recyeler  absorption  loss, 

<u 

Since  the  absorbed  and  eaitted  infrared  powers  are  proportional 
to  the  flow  N  (aolecules/ sec ) ,  Eq . ( 1 )  deteraines  the  optiaua  flow 
and  hence  aaxiaua  NMMW  output,  provided  that  the  IR  and  NMMW 
transitions  are  saturated  (see  below). 

Pq  is  deterained  by  aaxiaizing  the  available  infrared 
power  by  optiaally  balancing  loss  and  saturation. 


f(i) 


Fig.  3.  Available  iafrared  power  versas  intensity.  I  is  varied 
by  adjastiag  the  flow,  I. 


As  shown  in  Figure  3  (assuming  homogeneous  gain  saturation),  this 


occurs  for  I  »  I  .,  where 

opt 


~  Xs  ( ff  *"  t) 


Bo  -  B ~  ^a^sA  y 

The  amplifier  area  A,  Gain  ,  G ^ ,  saturation  intensity,  1^,  and 

cavity  loss,  L,  determine  the  maximum  available  power  P  which 

o 

can  be  expended  in  the  photon  recycler.  Equation  (3)  is  just  the 

optimum  infrared  power  which  would  be  transmitted  out  of  the 

laser  cavity  if  the  PR  were  replaced  with  a  beam  splitter  with 

optimum  transmission.  Since  the  gain  is  proportional  to  the 

amplifier  length,  P  is  a  measure  of  the  amplifier  sixe.  For  a  1 

2 

meter  C02  amplifier  of  area  A  •  0.3  cm  ,  reasonable  parameters 
are  listed  in  Table  1. 


Table  1.  CO 2  Amplif ier/Loss  Parameters 

G  1.2  (1  m  long  amplifier) 

Io  55  W/cmZ* 

A  0.3  cm7 

P  10W  @  L  -  10% 

o 

*  L.E.  Freed,  C.  Freed,  and  R.G.  O'Donnell, 

IEEE  J.Quan.El.  QE-18,  1229  (1982). 


The  absorbed  and  emitted  powers  can  be  related  to  the  flow 
N  crossing  the  infrared  laser  beams.  Assuming  complete  infrared 
saturation  (see  below), 

A/  (4] 


*  (Uc  -  o<e)  A/ 


where,  for  moderately  large  rotational  quantum  numbers, 


(6) 


*  L" 


-  1  l  (  1  +  £*p(?s/kt)) 

is  the  fraction  of  noiecules  in  the  excited  vibrational  state  for 
coaplete  steady-state  infrared  saturation,  and  4Em >0  • 

w  *OT 

The  subscripts  o  and  e  refer  to  hot  and  cold  regions  of  the  PR, 
respectively.  Figure  4  shows  a  plot  of  l  o{  versus  4E/KT. 
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Fig.  4.  Xxclted  State  Fraction. 

Hot  and  cold  teaperatures  aust  be  chosen  to  yield  a  reasonable 
loss  fraction,  ,  of  absorbed  infrared  power,  given  by 


X 


°'*A. 


(7) 


For  the  present,  will  be  left  unspecified.  The  optimum  flow 
N,  is  given  in  terms  of  o(Q ,  Po,  and  X  as  ^  (using  Eq .  ( 1  )J, 


n  -  /(«C  °^o  ) 


(8) 


This  choice  extracts  the  maximum  power  for  a  given  amp  1 i f ie r- loss 
comb ina tion . 


B.  MMWf  Output 

The  NMMW  small  signal  gain  and  saturation  Intensity  can  be 
estimated  using  a  rate  equation  analysis  based  on  Fig.  5. 
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*-a  Infrared  transition  rate. 

NMMW  transition  rate. 


Rotational  equilibration  rate. 


Fig.  5.  late  Diagram 


Neglecting  the  small  difference  In  the  level  1  and  2  population 
fractions  (f^  and  f^)  yields 


n,  -  /l  .  = 


(rb"h) 


O 


valid  for  ^  -  f2)  <<  f2R»  where  R,  r  are  stimulated  emission 

rates  (Fig.  5).  The  population  difference  n.j-n2  can  be  written 
/ 

as 


n}~n3  ~ 


I 


JZji  (*,y) 


J  2xL(*>y) 


do 


where  the  flow  geometry  is  that  of  Fig.  6 


Pig.  6.  Plow  CtoMtrf 


The  small  signal  NMMW  gain  (r  0}  integrated  along  the 
propagation  direction,  x,  and  averaged  over  the  flow  direction  y 
is  then 


J-  £  dy  |  dx  <&  (nx-n,)C*/y)  = 


-2. 

hj? 


where  the  power  emitted,  &  Pfi,  is  given  by  Eq .  5.  Using  Eq . 
and  (7)  gives 


r  -  ^ ^  — 

*  tsLtr„  &  hi 


zn. 


sa  t 
tv 
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(1) 
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The  saturation  intensity,  defined  by  2r/yR 
at  any  point  (x,y)  is  just 


Por  large  NMMW  saturation  everywhere,  the  maximum  NMMW  power  will 
be  determined  in  the  aame  way  as  Eq .  (3),  with  L  -4  L^,  , 

and  the  area  A— »  hJ?  .  The  optimum  NMMW  output  for  the  photon 
reeycler  is  then 


It  is  interesting  to  compare  this  with  an  optically  pumped 
NMMW  laser,  where  the  absorbed  infrared  power  for  a  CO ^  pump 
laser  of  the  same  size  and  loss,  L,  is  at  best  PQ,  the  maximum 
infrared  output  power.  Equation  (14),  shows  that  a  photon 
reeycler  improves  efficiency  by  a  factor  (1-JD/^T  •  This  is  due 
to  the  increased  absorption  possible  in  the  hot  region  of  the 
photon  recycler,  since  the  cold  region  restores  most  (1-X)  of  the 
absorbed  energy.  Equation  (3)  shows  that  reducing  the  loss  L 
only  weakly  affects  output. 


C.  Gain  and  Rate  Criteria 

In  deriving  the  above  results  for  optimum  photon  recycler 
performance,  a  number  of  restrictions  have  been  placed  on  the 
relative  rates.  The  first  is  that  the  transit  rate  of  molecules 
through  the  laser  beam  be  fast  compared  to  the  excited  state 
vibrational  decay  rate. 


f”  r 


(15) 


This  is  the  minimum  restriction,  since  the  system  transit  rate 
will  be  slower  than  u  /*  and  also  must  be  larger  than  i/p  • 
Infrared  saturation  in  both  hot  and  cold  regions  (see  Pig.  5) 
demands  that 


JL  >>  1 

a  u  *L 


(16) 


where  l/£  *  the  fraction  of  the  total  population  in  levels  2  and 
3.  Equation  (16)  assumes  rapid  velocity  and  rotational 
equilibration  compared  to  the  infrared  transition  rate  R,  so  that 


is  a  Dopp le r - broadened  cross  section.  Fast  rotational 
equilibration  requires  that 


JL_  R  »  4  »  /?  (17) 

V*, 

where  the  left  hand  inequality  is  necessary  in  the  cold  region 
[see  discussion  following  Eq .  9]  to  prevent  rotational  quenching 
of  the  NMMW  inversion.  NMMW  saturation  requires  that 

ah  -  2  »  2ra  da) 

%  UJ  H 

where  0^  is  homogeneously  broadened. 

In  order  to  derive  restrictions  on  the  photon  recycler 
geometry  from  Eqs.  (15)— (17),  the  infrared  intensity  must  be 
determined.  For  Eq .  (18)  to  hold,  the  NMMW  small  signal  gain  q*, 
must  be  large  compared  to  the  loss,  1^,. 

The  infrared  intensity  follows  directly  from  the  condition, 
Eq .  (2),  of  optimum  amp lif ler- loss  output.  From  Fig.  1,  if  the 

power  at  the  entrance  to  the  amplifier  -  loss  combination  (A-L) 
is  defined  to  be  P^,  then  the  power  leaving  (A-L)  will  be  + 

PQ.  With  PQ  expended  in.  the  photon  recycler  as  net  absorption, 
this  is  self  consistent.  Since  ?x  is  larger  than  Po,  Px  is 
approximately  the  optimum  intensity  of  Eq .  (2)  multipled  by  the 

amplifier  area  A.  Using  Eqs.  (2)  and  (3)  yields 


where  <1  is  required  for  the  uniform  intensity 

approximation  leading  to  Eqs.  (2)  and  (3)  to  be  valid  (i.e.,  the 
power  extracted  must  be  smaller  than  the  cavity  power).  The 
minimum  infrared  intensity  using  the  geometry  of  Fig.  6  is  then 
£  at  the  exit  of  the  hot  region  and  at  the  entrance  to  the 
cold  region. 

A  constraint  on  the  height,  h^ ,  in  the  hot  region  is 
obtained  from  the  saturation  condition  Eq .  (16)  (  St  drops  out): 
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where  uQ  is  the  flow  speed  in  the  hot  region.  It  is  easy  to  show 
that  large  sma 1 1 - s igna 1  absorption  is  automatically  acheived  if 
hQ»  satisfies  Eq .  (20).  The  hot  region  entrance  width  wq  is 

determined  from  Eq .  (20),  which  fixes  h  u  ,  using  continuity: 

o  o 


Wm  = 


(21) 


where  the  /)  density  is  determined  from  the  temperature  and 
o 

pressure  in  the  hot  region. 

The  length  20  is  constrained  by  Eq .  (15)  to  be 


x*  <<  «'/r 


(22) 


while  Eq .  (17)  requires 


£.k.  »  (23) 

In  the  cold  region  conditions  similar  to  Eqs.  (20)-(23)  are 
obtained,  except  P  P  +  P  si  P  .  Further,  the  flow  velocity 

is  determined  by  the  nozzle  expansion  ratio  needed  to  give  the 
desired  temperature  drop.  The  left  hand  side  of  Eq .  (17) 
restricts  the  density  in  the  cold  region  to  be  comparable  to  that 
employed  in  ordinary  op tica 1 ly -pumped  lasers.  The  temperature 
ratio  then  determines  the  density  in  the  hot  region.  An 
additional  constraint  is  imposed  in  the  cold  region  by  demanding 
large  NMMW  saturation  [ Eq .  (18)].  This  yields 


Equations  (24)  and  (23)  with  0  S  can  be  used  to  place  upper 
and  lower  limits  on  the  NMMW  small  signal  gain  [ Eq .  (12)],  with 
,  h,  and  ^  all  evaluated  in  the  cold  reigon.  It  is  easily  shown 
that  the  maximum  small  signal  gain  is  very  large,  while  the 
minimum  is  always  such  that  >>  l,,  so  that  the  results  are 


const s  ten t . 


D.  losiU 

For  adiabatic  expansion,  the  chaaber  (hot  region )- to-exi t 
(cold  region)  temperature  ratio  and  specific  heat  ratio  ^  ■  C^/C^. 
completely  determine  the  nozzle  area  ratio,  velocities  and 
pressures  as  given  in  the  proposal.  The  results  will  not  be 
repeated  here. 

K.  Estimates  for  a  Favorable  Molecmlc 

We  now  estimate  the  photon  recycler  parameters  for  a 
realistic  molecule  with  favorable  parameters  (large  permanent  and 
transition  dipole  moments,  large  4E,  and  typical  values  of 
and  other  rates)  which  combines  the  best  possible  properties  of 
existing  molecules.  (Note  that  efficient  A/0  modulators  are  now 
used  routinely  to  shift  CO2  laser  frequencies  into  coincidence 
with  IR  molecular  transitions  of  interest;  see  C.  Holland,  J. 

Reid  and  B.K.  Garside,  Appl.  Phys .  Lett.  ^4,  380  (1984).)  The 
results  demonstrate  exactly  w'hich  restrictions  (above)  are  most 
difficult  to  fulfill  in  practice,  and  are  listed  in  Table  2, 
be  low . 


TABLE  2.  "Ideal  Molecule"  Photon  Racycler  Parameters. 


Molecular  Properties 

Rotational  constants:  A-10  cm"* 

B-C-2  cm'1 
Mass:  M»75  amu 

Infrared  transition:  (J,K)  -  (6,5)  -»  (5,4)  (Perpendicular  band) 
This  gives  an  infrared  energy  difference:  J£~100  cm'1) 
Vibrational  transition  dipole  moment:  .1  x  10"  esu 

Infrared  frequency:  ■  1000  cm" 

NMMV  transition:  rotational  (6,5)  -*  (5.5) 

Permanent  dipole  moment:  /b  ■  2.3  x  10"  esq 
NMMW  frequency:  O*  ■  20  cm" 

Rotational  (  dJ"  )  equilibration  rate:  *  lOMHz/torr  @300°K 

(Note:  we  assume  dipole-dipole  interactions  for  temperature 
scaling) . 
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Specific  heat  ratio:  *2  ”  Cp/Cv  “  4/3 

Photon  Rocyclar 

IR  anpiif ier-loss  (see  Table  1)  _  ^ 

Hot  tenperature:  T  “  150°K  -  105  cn  _ . 
Cold  tenperature:  “  37.5°K  -  26  en 

PR  infrared  absorption  loss:^£  -  1/15 

Cold  pressure  ■  Pc  ■  12.5  nT  @37.5°K 
hot  pressure  »  PQ  •  3.3  T  @150°K 

Molecule  flow  rate:  N  »  2.7  x  l022/sec 
Mass  flow  rate:  M  -  3.4g/sec  . 

m  - _ 1  -  _ _ _  a  i  i  _ “  .  a  _  *1  C  _ • 


Nozzle  areas:  A, 


14  cm  ;  Aff  -  252  c: 


Optical  Pi 


Infrared  cross  section 
(Doppler) 


-  2  x  10“[3  CBj  (hot) 

■  4  x  10  cn  (cold) 

VI 


Partition  fraction:  •  / £m  ■  1.6  x  IQ-2  (hot) 

l/J*  -  7.0  x  10-4  (cold) 

NMMW  cross  section  -  2.1  x  lO*13  cn2  (cold) 

NMMU  average  gain  per  pass  <*£,  *  244/h  1 

(see  below  for  h#  1#)  ’  C 

Infrared  amp  1 if ier - loss  flowing  power:  P^  ■  41  W 
vsee  text) 

Optimum  NMMW  power  output:  P ■  1.4  W 

Moaale  Parana  ter  Constralmta 

Hot  region: 

Width  wq  >>  1.9  cm  22 

laser  beam  areas  1  h  >>  10~  cm t  for  J  equilibration 

°  °  >>  10"  cqj  for  K  (vibrational  exchang 

equi libra  tion ) 

Cold  region: 

Width  w#  >>  1425  cm  . 

laser  beam  areas  l  h  >>  1.3  cni  .(J  equilibration) 

>>  13  cn:  (K  equilibration) 

height  h#  <<  .4  cm 


>  0) 


I  Eq  .  (6)]  and  a  reasonable  partition  fraction  l/£  i Eq .  (16)] 

A  large  4E  is  required  to  reasonable  teaperatures  for  large 
infrared  inversion  in  the  cold  region.  However,  a  large  AE  in 
the  rotational  cooling  scheae  requires  that  both  the  upper  and 
lower  states  of  the  infrared  transition  lie  reasonably  high  in 
their  aanifold  (high  J,K),  leading  to  low  values  of  l/?  in  the 
cold  region.  The  vibrational  cooling  scheme  presented  in  our 
original  proposal  provides  large  AS  but  requires  vibrational 
heating  in  the  hot  region  and  again  saall  1/f.  The  consequence 
of  the  saall  1/Z  is  high  infrared  saturation  intensity  and  hence 
an  unwieldy  geometry  in  which  the  nozzle  aust  be  very  wide  and 
thin,  in  order  to  achieve  saturation.  This  leads  to  an 
unacceptable  value  ofthe  nozzle  width,  w,  and  height,  h,  in  the 
cold  region. 

The  large  saturation  intensity  can  be  reduced  in  principle 
by  working  at  low  enough  teaperatures  and  reducing  JE  and  Z'  to 
increase  the  partition  fraction.  However,  condensation  probably 
is  a  Halting  factor.  A  aore  reasonable  approach  aay  be  to  find 
a  saall  Z  system,  perhaps  an  atoa  with  some  metastable  levels 
which  can  be  co 1 1 is iona 1 ly  coupled  to  allowed  transitions  to 
achieve  energy  storage.  Alternatively,  the  photon  recycling 
concept  can  be  extended  and  tested  at  other  wavelengths,  for 
example,  visible  to  IR  conversion.  The  flow  for  a  given  IR 
output  power  would  be  much  smaller  (10  -10  )  than  that  of  the 
corresponding  NMMW  system,  and  the  E  problem  can  be  eliminated 
by  using  an  atomic  system.  However,  a  metastable  level  must  be 
employed  for  energy  storage. 

II.  Energy  Storage  Experiments 

In  a  photon  recycler,  infrared  energy  is  stored  in  the  hot 
region  and  extracted  in  the  cold  region.  The  IR  laser  field 
populates  a  specific  r o -vibra tiona 1  state  (VJKM)  at  a  given 
velocity  and  collisions  transfer  this  energy  to  neighboring 
states  (V'J'K'M')  with  different  velocities.  It  is  essential  to 
determine  the  range  of  states  and  velocities  which  are  populated 
for  the  storage  and  extraction  time  scales.  For  this  reason, 
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photon  recycler  candidate  aolecules  CH^F  and  CH^F  has  been 
undertaken  to  study  energy  storage  and  transfer,  particularly  the 
relative  rates  of  molecular  energy  flow  into  rotational 
vibrational  and  translation  (velocty  changing)  motion.  This  has 
led  to  the  development  of  a  general  spectroaeter  consisting  of  a 
stable  C(>2  laser  oscillator,  frequency- locked  to  the  side  of  its 
own  gain  profile,  and  a  tunable  infrared  diode  laser  probe.  In 
the  experiments,  the  absorption  of  the  diode  laser  is  detected 
with  a  fast  HgCdTe  detector.  This  signal  is  amplified  and  fed  to 
a  boxcar  integrator,  the  output  of  which  is  digitised  and  stored 
by  computer.  In  order  to  generate  stable,  reproducible  and 
velocity  selective  pump  pulses  for  the  time  resolved  experiments, 
the  stable  CO 2  laser  oscillator  output  (5W)  is  focussed  into  an 
acoustooptie  intensity  modulator  to  obtain  pulses  with  durations 
from  100  ns  to  c.w.  For  some  applications,  these  pulses  are 
amplified  using  a  two  meter  c.w.  C<>2  laser  tube  to  obtain  up  to 
20  W  pulses.  With  this  system  it  has  been  possible  to  measure 
collision  induced  J  transfer  rates  by  probing  a  hot  band  (v^  -  1 
Vj  ■  2)  transition  and  pumping  the  fundamental.  By  selecting 
different  v^  *  1  J  values,  both  the  decay  of  the  pumped  state 
and  the  transfer  to  neighboring  J  states  have  been  studied. 

Also,  the  effective  K  changing  rates  due  to  vibrational  exchange 
have  been  measured.  Further,  by  using  both  parallel  and 
perpendicular  pump-probe  polarizations,  it  has  been  possible  to 
show  that  the  magnetic  substate  distribution  is  not  strongly 
altered  in  J-transfer.  The  alignment  is  apparently  nearly 
p'reserved  in  such  collisions. 

It  is  of  interest  to  study  the  velocity  changes  which 
accompany  both  J-transfer  and  J-preservlng  collisions.  This  is 
quite  difficult,  since  the  velocity  changes  accompanying  long 
range  interactions  (dipole-dipole  and  Van  der  Waals")  are 
apparently  very  small.  In  order  to  study  this  problem,  we  have 
developed  a  technique  in  which  two  pulses  separated  by  a  time 
delay,  T,  interact  with  the  sample  to  create  a  velocity  grating. 
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A  weak  tunable  probe  field  then  probes  this  grating.  As  the 
probe  is  tuned,  a  Ramsey  resonance' like  signal  is  obtained.  It 
can  be  shown  from  the  collisional  evolution  equations  that  to  a 
good  approximation,  for  a  given  T,  the  grating  which  is  created 
decays  exponentially  at  a  rate  which  is  determined  by  the  Fourier 
transform  of  the  velocity  changing  kernel.  Hence,  by  measuring 
the  probe  absorption  signal  versus  probe  frequency  for  different 
time  delays  relative  to  the  pump  pulses,  the  grating  decay  rates 
for  various  fixed  T  can  be  determined  and  the  kernel  can  be 
studied.  For  the  first  experiments,  the  probe  beam  was  taken 
from  the  stable  CO^  oscillator  and  the  system  employed  a  Lamb  dip 
configuration.  Beautiful  Ramsey  resonance- Like  grating  fringes 
were  obtained  (Fig.  7).  Currently,  we  are  in  the  process  of 
taking  data  with  this  system  and  developing  the  complete  theory 
of  the  signals.  By  employing  a  stable  diode  laser  (He 
Dewar-cooled,  rather  than  mechanical  pump/ref rigera tor-cooled) , 
it  should  be  possible  to  extend  this  technique  to  measure  with 
high  precision,  the  velocity  changing  kernels  associated  with 
J-transfer.  This  will  make  it  possible  for  the  first  time  to 
study  both  the  classical  and  diffractive  contributions  to 
molecular  kernels  for  various  processes  in  a  single  experiment. 
Finally,  we  are  developing  new  photon  techniques  for  collision 
studies  using  acoustooptic  modulators  for  pulse  generation.  A 
two  pulse  echo  is  shown  in  Fig.  8  (large  peak). 

This  work  is  forming  the  Ph.D.  thesis  research  for  J.M. 
Liang  and  will  lead  to  a  number  of  publications  on  new  techniques 
for  studying  molecular  collision  dynamics. 
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